Background: Pathology tissue specimens with associated epidemiological and clinical data are valuable
Introduction
Pathology tissue specimens with accompanying epidemiologic and clinical data are increasingly important for cancer research. The Cancer Genome Atlas (TCGA) and other efforts have established that individual cancer types possess distinct molecularly-defined sub-types with distinct etiologies, responses to therapy, and survival characteristics (1) (2) (3) (4) .
Fresh-frozen tissue samples are thought to be optimal for molecular analyses; however, obtaining such specimens poses multiple logistical challenges, requiring rapid access to tissues prior to histopathologic examination and specialized equipment for freezing, transport and storage. In addition, tissue morphology is often compromised in fresh frozen tissues. In contrast, routinely prepared formalin-fixed paraffin-embedded (FFPE) diagnostic tissue specimens archived in pathology laboratories are often available for research. Although variable preparation and preservation may pose challenges for using archived pathology samples in particular applications, technological advances have expanded the utility of FFPE tissue specimens (5) .
Collecting archival FFPE tumor tissues within a large cohort or prevention trial, such as the Prostate, Lung, Colorectal and Ovarian Cancer (PLCO) Screening Trial, is cost-effective due to the existing infrastructure established for the study. The value of such specimens is substantially increased by the detailed epidemiologic and clinical data available in PLCO, such as screening history, risk factors, and long-term survival data, as well as the serial pre-diagnostic blood collection. Further, results of pathology studies can be linked to results of prior laboratory assays that have been performed by many investigators over the course of a decade.
Here we describe the creation of the PLCO pathology tissue resource, including methods and protocols for patient and tissue selection, obtaining tissue materials from pathology laboratories and processing 5 the tissue blocks. Detailed descriptions of the tissue specimens collected and their epidemiologic and clinical characteristics are also provided. This resource was created by the National Cancer Institute as a public resource, available to all researchers whose proposals are approved through peer-review.
6

Materials and Methods
The Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial PLCO was a randomized cancer screening trial designed to assess the effectiveness of specified screening tests for the four cancers as described elsewhere (6, 7) . Briefly, over 154,000 healthy men and women, age 55-74, were enrolled at 10 screening centers across the US. Half of the participants were randomized into the screening arm and half into the control arm. Participants in the screening arm received annual screens for the four cancers for the first 6 years; participants in the control arm received usual care. Enrollment began in 1993 and concluded in 2001. Both arms were followed for cancer incidence and mortality for at least 13 years from baseline. Subjects were queried annually for the occurrence of any cancer (not just the trial-related cancers) and all reported cancer diagnoses were pathologically confirmed through medical record abstraction by trained staff. Incident cancers were also identified through death certificates for subjects with underlying cause of death from cancer.
Epidemiologic data, including demographic and lifestyle information, were collected through multiple questionnaires administered at baseline and during follow-up, from all participants. PLCO also collected blood samples annually at each of the six screening rounds from the screened participants, and a onetime buccal cell sample from the control arm participants. These samples are stored in the PLCO biorepository, available for use by the entire scientific community through a peer-review application process (8, 9) .
Overview of the PLCO Pathology Tissue Collection Project
Pilot
The PLCO pathology tissue collection project was conducted in three phases: pilot, main phase and an add-on phase. The pilot phase was conducted in 2000-2001 to determine the availability of the 7 pathology tissue materials, assess the feasibility of obtaining them either for permanent retention or for temporary loan, and investigate the overall process of requesting donor blocks with pre-determined specifications (i.e. containing primary histology with adjacent normal tissue, etc.) from pathology laboratories. Additional information such as costs and level of effort required was also collected. The pilot phase was conducted at 3 of the 10 PLCO screening centers (SC), with the aim of collecting up to 100 tumor samples from each SC. Tumor tissues from 3 organ sites were collected: prostate, lung, and colorectal. For each case, one tumor block containing primary tumor and tumor-free margin was requested for permanent retention.
Main phase
The main phase was conducted in 2006-2011. Rather than requesting donor blocks for permanent retention, it was decided, based on the pilot results, that the requests would be to borrow donor blocks for the purpose of removing small cores (0.6-1.0 mm in diameter) containing targeted tissue types to create tissue microarrays and to extract DNA/RNA. The original donor blocks would be returned to the pathology laboratories once the desired cores were extracted. Five tumor sites were selected based on the trial and public health interest: colorectal, ovary, prostate, lung, and breast. The project began with colorectal cancer and colorectal adenoma, and proceeded to ovary, prostate, lung and breast. The PLCO pathology collection protocols were approved by institutional review boards (IRB) at NCI and each of the 10 SCs.
Add-on phase
In 2012, the pathology tissue collection effort was resumed to add new tumor sites and newly ascertained cases to the previous collections. As of this writing, collection of tissue specimens for bladder cancer, breast ductal carcinoma in situ (DCIS), and the newly ascertained colorectal cancer cases have been completed.
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Patient and Tissue Selection
Subjects in both the screened and the control arms who had a pathologically confirmed cancer diagnosis and who had signed the PLCO etiologic studies consent form (ESC) were eligible for selection. The ESC was implemented in 1998 to obtain patient consent for PLCO to collect biological specimens including blood, buccal and pathology tissue specimens for broad based research purposes.
The project aimed to collect tissues from 50-300 patients from each of the 10 screening centers, per year, for 5 years. Table 1 Once the cases were selected, pathology reports were reviewed by qualified PLCO trial staff and a consulting pathologist to select the appropriate donor blocks from each case. In general, 1 to 3 representative donor blocks were selected per case: 2 blocks containing tumors of the dominant histologic features and 1 block containing adjacent normal tissue, with some variations depending on the tumor site (Table 2) .
Importantly, a donor block could contain tumor only, normal only, or both normal and tumor, and a tumor could also contain one or more histologic features in a donor block. For tumors with complex histologic features, the donor block containing 2 or more histologic features were preferentially selected. Donor block containing adjacent normal tissues were selected whenever available. In some cases, metastatic tumors (from involved lymph nodes or distant sites) were also selected if available. Once the donor blocks were identified from pathology reports, source pathology laboratories were contacted to determine their loan policy (loan period, cost per sample, etc.), and any additional requirements such as patient authorization.
Requesting Donor Blocks from the Pathology Laboratories
A pathology tissue request package was mailed to affiliated pathology laboratories from the 10 PLCO screening centers. The package included a cover letter, a copy of the original signed consent form, a copy of the pathology report, the Pathology Request Form (PRF), and if required by the lab, the signed HIPAA-compliant Authorization Form provided by the patient or if deceased, by next of kin. The PRF listed the sample ID, the histologic findings in blocks of interest, and a pre-addressed, postage-paid, bubble-wrap lined mailer for shipping the donor blocks. If the pathology lab was unable to send the requested donor blocks, it was asked to indicate the reasons on the PRF.
Donor Block Processing for Tissue Microarrays and for Nucleic Acid Extraction
Donor blocks were shipped in batches to a central pathology laboratory with expertise in tissue microarray (TMA) construction. One 4 micron H&E stained section per block was prepared and reviewed by a pathologist to identify "region(s) of interest" (ROI(s)) that contain(s) benign ("normal") or tumor tissue.
Tissue cores (0.6 mm in diameter for colorectal adenoma and lung tumors or 1.0 mm in diameter for all other tumor sites) removed from ROIs were placed in recipient blocks to create tissue microarrays or placed into Eppendorf tubes (2 ml) for nucleic acid extraction. Coring was conducted to maximize sampling of histologically heterogeneous regions while preserving donor blocks. Typically, up to 15 cores, with some exceptions, were taken per patient: 6 tumor and 6 adjacent normal cores, to be split on duplicate TMA blocks (i.e. alpha and beta), and 3 tumor cores for DNA/RNA extraction. (Table 2) . Cores were taken in a representative fashion across all ROIs or blocks when there were multiple ROIs or blocks for the same histology.
When the size of tissue targets was limiting, construction of the alpha TMA was prioritized, followed by nucleic acid extraction, and lastly, construction of the beta TMA (Table 2 ). For example, if tissue material was available for only 6 cores, 3 would be arrayed on the alpha TMA and 3 would be stored for DNA/RNA extraction; the case would be excluded from the beta TMA array.
Likewise, when a tumor contained mixed histologic patterns and sampling all morphologically distinct areas would exhaust the tissue in the donor blocks, certain histologic regions were prioritized, particularly for ovarian and lung cancers, which often demonstrate mixed histologic patterns. The order of prioritization generally applied: the primary invasive histology, the secondary invasive histology, carcinoma in situ, adjacent normal, metastasis involving the lymph node, and metastasis involving distant organ site(s).
TMA blocks were constructed following standard methods (11) . They were prepared as four quadrants, each containing about 50-125 cores depending on the core size, with empty rows and columns between quadrants to facilitate orientation. Cores belonging to the same patient, from both tumor and adjacent normal regions, were grouped contiguously, but patients were randomly disbursed across the TMA blocks, arrayed in the order they were received. Each TMA block also contains a set of 10 standard control tissue samples not from PLCO, arrayed on the outer border of the quadrants.
Protocol Changes During Add-on Phase
In 2011, after 13 years of active follow-up of clinical outcomes, PLCO began to transition into a new phase of continued follow-up using a more cost-effective centralized approach. As a result, pathology reports were available for only those who re-consented to the centralized active follow-up or were already deceased, which is about 80% of all otherwise eligible cases. The tissue collection protocol was 11 modified to prioritize collection of free-standing cores for nucleic acid extraction and TMAs were constructed according to a slightly different design.
The collection of breast ductal carcinoma in situ (DCIS) tissue posed unique challenges as the tumor size was unusually small and calcifications in these tumors often rendered coring impossible. Thus, no attempt was made to obtain tissue cores; instead, 4-micron slides were cut for immediate IHC staining of the following common breast cancer protein antigens: PGR(PR), ESR-1(ER-alpha), EGFR, KRT5(CK5/6), MKI67(Ki67), and ERBB2 (HER2). Additionally, 3-5 tissue sections (10-micron) were made from each of the donor blocks and stored on membrane slides; these membrane slides are readily amenable to laser capture micro-dissection to isolate tissue areas of interest for molecular analyses.
Results
Pilot Study
In the pilot phase (2000-2001), tissues for 250 cancer cases (152 prostate, 29 lung, 43 colorectal and 26 colorectal adenoma) were requested, of which PLCO received donor blocks from 85 (34%) cases for permanent retention and 30 (12%) cases on loan basis. The most frequently cited reasons for not providing specimens were: lack of reimbursement to the pathology department(s) for the effort involved (no compensation was provided to the pathology laboratories during the pilot), hospital policy, and specimens not available. The average cost for donor block retrieval was $6 per block according to the survey.
Success Rate for Main and Add-on Phases
The overall success rate, defined by the percentage of the cases with any tissue materials collected (TMA or DNA/RNA cores) out of all cases requested, was about 47% for all cancer sites combined. Table 12 likely because of the abundant tissue materials available from prostatectomy. Not surprisingly, lung biopsy and breast DCIS had the lowest success rate (6% and 17% respectively), due to the small size of the specimens.
Over 400 pathology laboratories were contacted during the add-on phase. Of these, a majority (77%) required patient authorization for medical record release (in addition to informed consent for sample collection). A small portion (7%) of the pathology laboratories did not require patient authorization. The remaining 17% had a no-loan policy. Table 4 shows the reasons for failure of obtaining tissue specimens. Tissue not available at the pathology laboratories accounted for 57% of the all failed cases. Hospital no loan policies accounted for 19%, and failure to obtain patient authorization accounted for 10% of all failed cases. The remaining 14% of failed cases had insufficient amount of tissue to be processed.
For all cancer sites, the success rate for obtaining tissue specimens was significantly lower for subjects diagnosed greater than 10 years before the selection date compared to those diagnosed within 10 years. For prostate, resected lung, colorectal, ovarian and invasive breast cancers, success rates ranged from 37 to 73% (median 55%) for specimens requested less than 10 years from diagnosis, as compared to 20-51% (median 40%) for specimens requested ≥10 years from diagnosis. For bladder and in-situ breast cancer, success rates were 30% for less than 10-year specimen requests versus 15-24% for ≥10-year specimen requests.
Epidemiologic and Clinical Characteristics of Tissues Collected
Epidemiologic and clinical characteristics, including age, gender, vital status, cancer stage, and mode of detection (screen detected, interval, post-screening or never screened cancer for trial-related cancers in the intervention arm), were examined to assess the potential for selection bias among the subset of cases with tissue material obtained as compared to the overall group of cases selected as eligible for 
13 specimen collection. Overall, there were few statistically significant differences in any of the above factors between those with material obtained and those who were selected but had no material obtained; the magnitude of any such differences was generally small and may reflect multiple comparisons.
For resected lung cancer, those with material were significantly older than those without material (median age 70 versus 68, P=0.0005); further, cases with material obtained were less likely to be screen detected (35% versus 48% among intervention arm cases, P=0.006). For CRC, cases with material were more likely to be alive (at time of selection) than those without material (81% versus 74%, P=0.001), less likely to be stage I/II (60% versus 67%, P=0.006), and less likely to be screen detected (26% versus 36% among intervention arm cases, P=0.008). For bladder cancer, cases with material were more likely to be alive at the time of selection (86% vs. 74%, P=0.0004) and more likely to be female (24% versus 16%, Table 5 summarizes the tissue specimens collected by cancer site. In total, 4,048 cases (8,971 donor blocks) were arrayed on 193 TMA blocks (98 alpha + 95 beta). The beta blocks are near-perfect replicates of the alpha blocks, as intended, containing an average of 97% of the cores on the alpha blocks, except for those of bladder cancer, which contained only 35% of cores on the alpha blocks.
P=0.008).
Summary of Tissue Materials Collected from Main and Add-on Phases
Except for bladder cancer and colorectal adenoma, the TMAs contained an average of 38% of cores from adjacent normal tissues; these were usually arrayed next to the corresponding tumor tissues. Most of tissue specimens arrayed on the TMAs had one or more corresponding DNA/RNA cores. Breast DCIS tissue specimens were collected as thick tissue sections (10-micron) of the donor blocks and stored in membrane films for laser micro-dissection. TMA slides will be cut close to the time of use, in batches of 20-30 slides. An H&E slide will be cut periodically to reassess the core coverage. DNA/RNA will be extracted centrally, using state of the art methods. To date, only cores obtained from colorectal cancer and adenomas have been extracted.
Tissue Specimen Storage and Dissemination
These were extracted using a method optimized for simultaneous extraction of DNA and RNA; the RNA portions are stored at -80 o C in lysate form for further purification.
Discussion
We have described here an effort to create a tissue resource suitable for molecular pathological epidemiology studies. To date, tissue microarrays have been created for prostate, lung, colorectal, ovarian, breast and bladder cancers, with additional free-standing tissue cores available for molecular extraction. A significant advantage of the PLCO tissue resource is the availability of detailed, highquality, prospectively collected patient data, including various lifestyle and other risk factors for cancers, as well as pre-diagnostic blood and buccal cell samples.
The process of creating this resource was complex, involving multi-disciplinary teams with expertise in pathology, epidemiology, information technology, project management, as well as specialized laboratory technologies. The protocols and procedures described here may be specific to the PLCO trial, records, including the pathology report, is critical to be able to confirm diagnosis, to determine if suitable donor blocks exist, and to identify and contact the pathology laboratories to request the donor blocks. Obtaining patient consent for research use of their tissue materials and authorization to release medical records can be a time consuming and labor intensive process. In PLCO this was relatively streamlined due to the existing trial infrastructure, prior patient consent, and medical records already collected during trial follow-up periods.
The overall success rate, defined as the percentage of the cases with any tissue materials obtained out of all cases selected for collection, was about 47%. This rate compares favorably with the rate reported for the Cancer Prevention Study II Nutrition Cohort Colorectal Tissue Repository (43%) (12) . The CPS II effort also reported a higher success rate (87%) for cases diagnosed within 10 years of the collection date than those diagnosed more than 10 years (32%). We observed a similar trend across tumor sites, albeit to a lesser extent; the combined success rate for all cases diagnosed within 10 years was 54%, compared to 34% for those diagnosed more than 10 years ago. This may reflect differences in pathology lab practices and policies in retaining tissue specimens. Success rates varied widely by tumor type. The success rate for bladder cancer tumors was especially low, due to these tumors frequently being small and vascular with limited tissue. Similarly, the success rate was very low for breast DCIS tumors, due to the small tumor size and widespread calcification.
From the resource management perspective, there are several logistic challenges facing the distribution of the tissue source. Ideally, TMA slides should be cut close to the time of use to preserve antigenicity.
On the other hand, each time new slides are cut from a TMA block, the first few cuts are inevitably discarded due to oxidization at the surface of the block. Therefore, it is more resource efficient if multiple requests for the same TMA slides are made at the same time; in reality, however, this can be difficult to achieve. To date, PLCO has adopted a middle ground; each time a request is approved, 20-30 slides will be cut from the block, even if the request is for fewer slides. The remaining slides are stored in vacuum pouches filled with nitrogen at 4 o C, ready for the next request. Long-term storage and distribution of RNA samples is another challenge, as RNA is extremely unstable in storage. Our current strategy is to store RNA in lysate form at -80°C to be extracted at the time of use.
From the user perspective, this tissue resource can be used for molecular characterizations of the tumors such as genetic mutations, epigenetic changes and abnormally expressed gene products. Such research is likely to be critical for early detection and diagnosis of cancer, as well as for etiologic research (13) . Key applications of tumor markers in molecular epidemiology include studies to relate tumor alterations to suspected carcinogenic exposures or hereditary factors, to examine whether associations vary by tumor molecular phenotype, to reduce disease misclassification and strengthen causal inference, to identify molecular characteristics associated with tumor progression, and to validate putative early-disease markers. In PLCO, several study designs can be applied including case-case, nested case-control, and case-cohort design as reviewed previously (14) .
Molecular pathology is a rapidly evolving area within epidemiology with great promise (15, 16) . Within this context, it is important to recognize that PLCO has strengths and weaknesses, as do all settings for molecular pathological epidemiology. Set within a large screening trial, PLCO has prospectively collected exposure and risk factor data, which reduces differential recall and selection bias relative to crosssectional case-control studies. Nevertheless, we observed varying success in tissue retrieval by PLCO such that resulting data are not biased. It is also important to consider sample size. Pooling or metaanalysis approaches with other studies can overcome such limitations and also provide opportunities for replication.
Other practical issues should be considered when using FFPE samples in epidemiologic studies (15, 17) . In summary, the PLCO tissue resource offers a large number of well annotated pathology tissue specimens suitable for the application of state-of-the-art molecular methods for cancer etiology and early detection research. Subjects with tumor size 3mm or greater were selected from all eligible subjects. Primary bladder (invasive or in situ) cancers were selected, including papillary and transitional bladder cancers; flat papilloma tumors of the bladder were excluded. Breast DCIS 2012 Subjects with tumor size 3mm or greater and who were not included in the main phase were selected from all eligible subjects. DCIS tumors with an in situ diagnosis only. Cases of mixed tumor behavior (with both in situ and invasive components) were not selected. Colorectal 2013 Subjects with tumor size 3mm or greater and who were not included in the main phase were selected from all eligible subjects, excluding those with carcinioids, extra-nodal lymphomas, sarcomas of the colorectal sites, and tissues resected after neoadjuvant treatment of CRC. 
